D
espite major advances in management, the mortality of acute respiratory distress syndrome (ARDS) remains as high as 44% based on observational studies and 36% based on randomized controlled trials (1) . Most patients with ARDS survive the acute phase, but many go on to die, often with evidence of pulmonary fibrosis (2) . Pulmonary fibrosis was found in open-lung biopsies of 53% of ventilated patients who had ARDS for Ն5 days (3) . Transbronchial lung biopsy revealed that 64% of patients with ARDS who were ventilated for an average of 12 days developed pulmonary fibrosis, and their mortality rate was 57% compared with 0% in patients without pulmonary fibrosis (4) . The outcome of patients with ARDS may be improved by using information from open-lung biopsies to guide antifibrotic therapy after 5 days of ARDS (3, 5) , thus demonstrating that the clinical progress of lung fibrosis is potentially reversible in patients with ARDS, a finding that is different from typical patients with idiopathic pulmonary fibrosis, in which the disease is usually irreversible (6 -8) .
The mechanisms underlying the fibrotic phase of ARDS are largely unknown. Some investigations have focused on the underlying immune cell response in the acute phase of ARDS as a key factor in the development of fibrosis (9) . Another possibility relates to the role of the alveolar epithelium, which has largely been thought of as a passive bystander in the development of chronic pulmonary fibrosis. However, recent studies have suggested that ongoing alveolar epithelial cell apoptosis and retarded wound repair may play an important role in the pathogenesis of pulmonary fibrosis (8, 10 -13) mediated through epithelial-mesenchymal transition (EMT) signaling pathways.
Virtually all patients with ARDS receive mechanical ventilation. Regional alveolar overdistension during ventilation can induce excessive mechanical stresses to the extracellular matrix, leading to the development of interstitial edema, extracellular matrix fragmentation (14) , epithelial injury, and biotrauma characterized by neutrophil infiltration and inflammatory cytokine production (14, 15) . These mechanisms are also of direct relevance to the development of fibrosis. Therefore, we hypothesized that ventilator-induced lung injury may play a role in ARDS-associated fibrosis, characterized by changes in EMT markers, a mechanism that may have previously been overlooked (2-5, 16 -18) .
To test this hypothesis, we used an in vivo mouse model of acid aspirationinduced acute lung injury followed by mechanical ventilation and used an in vitro mechanical stretch system on human lung epithelial cells to examine specifically the effects of mechanical stress on the development of fibrosis and EMT.
MATERIALS AND METHODS

Acid Aspiration Model and Mechanical
Ventilation. The study protocol was approved by the institutional Animal Care and Use Committee of St. Michael's Hospital. Male C57BL/6 mice (8 -12 wks) were anesthetized with intraperitoneal injection of ketamine (200 mg/kg) and xylazine (10 mg/kg) and randomly divided into three groups: 1) acid aspiration (hydrochloric acid [HCl] , n ϭ 24); 2) vehicle control ϩ mechanical ventilation (MV, n ϭ 24); and 3) acid aspiration ϩ mechanical ventilation (HClϩMV, n ϭ 24). Animals received intratracheal instillation of either HCl (pH 1.2, 2 mL/kg) or equal volume of vehicle control solution (phosphate-buffered saline, pH 7.4). The animals recovered from anesthesia and were housed in an animal facility with free access to water and food. After 24 hrs, mice in the MV and HClϩMV groups were anesthetized, intubated, and mechanically ventilated for 2 hrs using FIO 2 0.4, peak inflation pressure 22 cm H 2 O, positive end-expiratory pressure 2 cm H 2 O, and respiratory rate 120 breaths/min. The animals were then sent back to the animal facility with free access to water and food and observed for 3 days, 8 days, and 15 days after HCl or phosphate-buffered saline instillation. Additional healthy mice were euthanized using an anesthetic overdose (n ϭ 6) and served as a control group. On completion of the experiments, the right lung was snap frozen in liquid nitrogen and stored at Ϫ80°C for mRNA and protein measurements.
Respiratory Mechanics. At the indicated time points, eight mice were anesthetized, paralyzed, and tracheotomized for measurement of lung mechanics (FlexiVent rodent ventilator system; Scireq, Montreal, Canada). Lung elastance was assessed using the multifrequency forced oscillation technique and a constant phase model fit (19) .
Lung Histopathology and Immunohistochemistry. The left lung was stained with Masson's trichrome for identification of collagen. Histologic examination of the lungs was performed by a pathologist (Dr. Valladares) blinded to the experimental groups. Lung injury was scored using five grades from 0 to 4 using nine parameters, including microscopic atelectasis, microscopic emphysema, perivascular edema, alveolar edema, congestion, alveolar hemorrhage, perivascular hemorrhage, alveolar and interstitial polymorphonuclear leukocytes infiltration, and hyaline membrane formation (20) . Lung fibrosis was quantitatively evaluated on a numerical scale (21) .
Fluorescent dual stainings for cytokeratin and ␣-smooth muscle actin (␣-SMA) were performed (22) . Briefly, the sections were blocked by a mixture of Fab fragments of goat antimouse IgG (Jackson ImmunoResearch, West Grove, PA) and bovine serum albumin (Sigma Chemicals, St. Louis, MO). Incubation with a mouse monoclonal anticytokeratin (Santa Cruz Biotechnology, Santa Cruz, CA) overnight was followed by goat-antimouse Alexa-484 (Invitrogen, Carlsbad, CA). After careful washing, a mouse monoclonal anti-␣-SMA antibody conjugated with Cy3 (Sigma) was applied. Slides were counterstained by diamidino phenyl indole (Sigma Chemical Co.) if necessary. Slides were analyzed using a confocal scanning laser microscope (Zeiss510, Oberkochen, Germany).
Hydroxyproline Measurements. Lung hydroxyproline content (23, 24) was assessed as described in the Supplementary Materials.
Fibrocyte Detection. Buffy coat was obtained from whole blood collected using sodium citrate anticoagulant tube. Cells were seeded to 96-well plates (Falcon; BD Biosciences, Mississauga, Ontario, Canada) at 100 L/well at a density of 1 ϫ 10 6 cells per well and stained for the surface marker CD45 (PerCP Rat antimouse CD45 antibody; BD Pharmingen) at 5 g/mL or isotype control antibody (IgG 1 ; BD Biosciences) for 30 mins followed by washes. Cells were permeabilized with 0.25% Triton X-100 and then incubated with rabbit antimouse collagen-1 antibody (Millipore, Billerica, MA) or IgG isotype control antibody (R&D Systems, Minneapolis, MN) for 30 mins and washed, followed with secondary antibody (goat polyclonal secondary antibody to rabbit IgG, DyLight 488; Abcam, Cambridge, MA) at 1:20,000 dilution and fixation. Flow cytometry was performed with FACSCanto and FACSDiva software (BD Biosciences). Cells gated for CD45 were analyzed for collagen-1 expression. A matched IgG isotype control was used to set negative control thresholds (25) . Fibrocyte numbers are expressed as percent total leukocyte counts.
Cells and Mechanical Stretch System. Human lung epithelial cells (BEAS-2B; ATCC, Manassas, VA) were seeded into BioFlex Culture six-well plates (FlexcelI International Corporation, Hillsborough, NC) at a density 5 ϫ 10 5 cells/well in conjugated Dulbecco Minimal Essential Medium containing 10% fetal bovine serum for 30 hrs and in Dulbecco Minimal Essential Medium containing 1% fetal bovine serum for 24 hrs. The cells were then subjected to cyclic stretch for 24 and 48 hrs at a frequency of 30 cycles/min and 30% elongation (FX-4000; FlexcelI International Corporation, Hillsborough, NC).
Reverse Transcriptase-Polymerase Chain Reaction Assay. The mouse lung tissue was homogenized and human BEAS-2B cells were lyzed and total RNA was extracted by using the Isol-RNA Lysis Reagent (5 PRIME; Markham, Ontario, Canada). The primers used to amplify the conserved regions of the genes of interest in BEAS-2B cells and mouse lung tissue are shown in Tables 1 and 2 , respectively. Polymerase chain reaction products were resolved on a 1% agarose gel, stained with ethidium bromide, and photographed under ultraviolet illumination. The band intensity was quantified by Image J 1.42q software (Scion Corporation, Frederick, MD). See supplemental data for details (Supplemental Digital Content 1, http://links.lww.com/CCM/A398).
Sodium Dodecylsulfate-Polyacrylamide Gel Electrophoresis and Western Blotting. Lung tissue was homogenized and BEAS-2B cells were detached in lysis buffer, resolved on 10% sodium dodecylsulfate-polyacrylamide gel electrophoresis using a Mini-Protean 3 Electrophoresis Cell (Bio-Rad, Mississauga, Ontario, Canada) at 150 V, 100 mAmp for 1 hr, and transferred to polyvinylidene fluoride (Bio-Rad) membrane. The membrane was washed and blocked with Tris-buffered saline containing 0.1% Tween-20 and 10% nonfat dry milk before overnight incubation with appropriate primary antibodies (i.e., cytokeratin-8 [Santa Cruz Biotechnology], E-Cadherin [Santa Cruz], vimentin [Santa Cruz], and ␣-SMA [Abcam, Cambridge, UK]) in blocking buffer at 4°C. The secondary antibodies were then used with 1:6000 goat antimouse IgGhorseradish peroxidase for cytokeratin-8, ECadherin, vimentin, or 1:6000 goat anti-rabbit IgG-horseradish peroxidase for ␣-SMA (Pierce, Thermo Scientific, Ottawa, Ontario, Canada) in blocking buffer for 1 hr at room temperature. The bands were visualized using enhanced chemiluminescence (Amersham ECL Western Blotting Detection Reagents; GE Healthcare, Baie d'Urfe, Quebec, Canada). Antihuman or antimouse ␤-actin antibodies (Santa Cruz Biotechnology Inc.) were used as loading controls.
Statistical Analysis. Data are reported as mean Ϯ SEM. A two-way analysis of variance for multiple comparisons with group and time factors was conducted followed by a Bonferroni test. A nonparametric test was performed to compare cells with and without stretch in the in vitro cell experiments. GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla, CA) was used for the analysis. Differences were considered statistically significant if p Ͻ .05.
RESULTS
Lung Mechanics and Hydroxyproline. The tidal volume was 11-13 mL/kg using pressure-controlled ventilation. Lung elastance increased at day 3 in the HClϩMV group and at days 8 and 15 in the MV and HClϩMV groups compared with control (Fig. 1A) . Hydroxyproline levels in the lung increased at day 15 in the ventilation alone group compared with the HCl alone or control group (Fig. 1B) .
Lung Histology Analysis. Lung injury and interstitial polymorphonuclear leukocytes infiltration were observed at day 3 in all experimental groups compared with control ( Fig. 2A) . The total lung injury score increased in all three experimental conditions with the greatest injury seen in the HClϩMV group (Fig. 2B) .
At day 15, the classic histologic presentation of lung fibrosis was more evident in the HClϩMV groups compared with the HCl or MV alone group with larger areas of collagen deposition in the alveolar epithelium associated with thickened alveolar walls and tissue patches (Fig. 3A-B) . The increased staining of collagen was associated with more myofibroblasts positive for ␣-SMA in alveolar walls of the MV and HClϩMV groups (Fig. 3C) . Smooth muscle surrounding vascular walls served as an endogenous positive control (arrow in Fig. 3C ). In contrast, control histologic samples were devoid of the concentrated blue staining regions, indicative of the lack of collagen deposition in healthy lung (Fig. 3D) . Lung fibrosis scores were higher in all three experimental conditions at day 3 and further increased over time (Fig. 3E) . Lung fibrosis scores were greater in the HClϩMV group than in the other two groups (Fig. 3E) .
Fibrotic Mediators and EMT Markers in Vivo Mechanical Ventilation Conditions. The mRNA expression of transforming growth factor-␤1 (TGF-␤1) increased dramatically at day 3 and day 8, and ␤-catenin mRNA expression elevated throughout the study in the HClϩMV group, indicating a multiplicative effect of the two stimuli; levels returned to baseline on day 15 (Fig. 4) .
The expression of cytokeratin-8, Ecadherin, and pro-SP-B decreased, whereas expression of ␣-SMA and vimentin at both mRNA (Fig. 5A) and protein (Fig. 5B ) levels increased; these changes were more pronounced in the HClϩMV group compared with HCl or MV alone (Fig. 5) .
Taken together, our results demonstrate increased fibrotic markers and decreased epithelial markers when the two hits were combined, suggesting an additive effect.
Immunohistochemistry Analysis. We further examined whether lung epithelial cells differentiated into myofibroblasts in vivo by investigating colocalization of EMT markers. The dual staining for the lung epithelial cell marker cytokeratin and myofibroblast marker ␣-SMA demonstrated colocalization in some alveolar cells at day 15 after HClϩMV ( Fig. 6A-B) . These data suggest that EMT may be involved in the mechanism underlying ventilator-induced lung fibrosis. However, in some areas, the staining for cytokeratin and ␣-SMA did not show colocalization, suggesting ongoing ␣-SMA-positive myofibroblast proliferation (Fig. 6C) .
Circulating Fibrocyte Counts. Circulating fibrocytes, defined as CD45 and collagen 1-expressing cells, were not significantly different at day 15 after HCl, MV, or HCl and MV (Fig. 7) . Hematoxylin-eosin-stained, formalin-fixed, paraffin-embedded lung tissues from mice, subjected to hydrochloric acid (HCl) aspiration alone, high-pressure mechanical ventilation (MV) alone, and HCl ϩ MV for 15 days. Mice that received anesthesia alone served as controls. Mice in the experimental conditions exhibited evidence of extensive lung injury with interstitial and alveolar edema, hemorrhage, and inflammatory cell infiltration compared with control conditions. n ϭ 9 mice/group. *p Ͻ .05 vs. control; †p Ͻ .05 vs. hydrochloric acid at identical conditions, respectively. D, day.
Fibrotic Mediators and EMT Markers
Under in Vitro Mechanical Stretch Conditions. We examined the contribution of the direct effect of mechanical stretch on EMT using in vitro human lung epithelial BEAS-2B cells. The cells treated with mechanical stretch expressed high mRNA levels of TGF-␤1 and ␤-catenin at 48 h (Fig. 8A ) and a progressive decrease in expression of cytokeratin-8, E-cadherin, and pro-SPB and an increase in expression of ␣-SMA and vimentin at mRNA (Fig. 8B ) and protein levels (Fig. 8C) .
To confirm the EMT phenotype observed in vivo, the lung epithelial cell marker E-cadherin and myofibroblast marker ␣-SMA were stained in BEAS-2B cells with and without mechanical stretch. There was decreased expression of E-cadherin and increased expression of ␣-SMA, suggesting an EMT process after direct stretch of the lung epithelial cells (Fig. 9A-B) .
DISCUSSION
Pulmonary fibrosis is a common finding in patients with ARDS in the postacute phase; however, the mechanisms mediating the fibrosis are largely unknown. Because the stresses induced by mechanical ventilation can damage the alveolar epithelium (26 -28) , and can cause biotrauma with release of multiple mediators, we hypothesized that MV plays an important role in initiating/propagating the fibrosis. In the current study, using a mouse model of acute lung injury we demonstrated that MV can induce lung fibrosis that is evident as early as 1 wk after injury. Both our in vivo and in vitro studies suggest that the mechanisms underlying these changes may be EMT and release of profibrotic mediators induced by cell stretch and MV.
We used a two-hit model of acid aspiration and mechanical ventilation, which is commonly used and clinically relevant. We found that the animals treated in this way developed increased levels of hydroxyproline, a major component of the protein collagen that is considered to be an early marker and contributor to lung fibrosis (29) . We have no data to suggest that there is anything specific about these particular two "hits," and it is possible that any combination of two or more hits (e.g., chemical, infectious, mechanical) with MV might have resulted in a similar response. Increased levels of collagen type 1 in lung tissue have been reported in patients with ARDS (30, 31) . In addition, as early as 24 hrs after diagnosis of ARDS, the N-terminal procollagen peptide-III is elevated in lavage fluid and in serum of patients with ARDS compared with control subjects (16) . N-terminal procollagen peptide-III concentrations are significantly higher at 24 hrs and 7 days in ARDS nonsurvivors than in survivors (67% vs. 31%) (16) .
Damage to alveolar epithelium has been documented in approximately 90% of patients with ARDS who had lung biopsies (18) . Inadequate alveolar epithelial repair and remodeling can initiate and/or accelerate fibrosis by several mechanisms: 1) loss of epithelial proliferation, impaired epithelial migration capacity, and/or inadequate differentiation of alveolar epithelial cells from their progenitor cells may lead to proliferation of fibroblasts and smooth muscle cells. For ex- ample, severe injury and retarded repair of alveolar epithelium in response to hyperoxia has been shown to disturb normal epithelial-fibroblast balance and is sufficient to promote fibrotic proliferation in association with increased collagen production in lung tissue (32); 2) alveolar epithelial cells act as progenitors for fibroblasts through EMT, regulated largely by the extracellular matrix during alveolar epithelial repair and remodeling (10); and 3) lung epithelial cells secrete inflammatory mediators (e.g., TGF-␤ and Wnt/␤-catenin) in response to various stimuli, which can contribute to persistent activation of fibrotic mediators (33) (34) (35) . Taken together, these dysregulated repair mechanisms determine the resolution of ARDS and may lead to lung fibrosis.
We found two major mechanisms associated with the ventilator-induced lung fibrosis in our model. 1) EMT: we observed colocalization of the epithelial marker cytokeratin-8 and the mesenchymal marker ␣-SMA in lung tissue after MV and in lung epithelial cells after exposure to mechanical stretch. The decreased expression of cytokeratin-8, Ecadherin, pro-SPB with a simultaneous increase in the expression of ␣-SMA and vimentin further supports the development of EMT. The increased expression of TGF-␤1 and ␤-catenin may have played a role in the process of EMT (36 -38) . Recent evidence suggests that the lung epithelium plays a key role in driving the fibrotic response (22) . Failure of epithelial repair promotes fibroblast proliferation derived from the epithelium (39) through the EMT process; 2) lung fibroblast proliferation: in some regions of the lung, we found that after mechanical ventilation, the expression of ␣-SMA in- creased without colocalization with lung epithelial cell protein markers, indicating ongoing ␣-SMA-positive myofibroblast proliferation. Collagen deposition resulting from abnormal wound repair and remodeling plays an important role in fibroproliferation (39, 40) .
We also examined the possibility that fibrocytes, defined as cells that dually express leukocyte (CD45) and mesenchymal (collagen I) markers (41, 42) , could play a role in development of fibrosis because previous studies have shown that fibrocytes express ␣-SMA, indicative of myofibroblast differentiation (43) after stimulation with TGF-␤. Fibrocytes have also been found to respond to the profibrotic cytokines, interleukin-4, and interleukin-13 and differentiated to ␣-SMApositive cells (44) . However, the counts of circulating fibrocytes were not different among the experimental groups.
We and others have previously demonstrated that mechanical stretch of alveolar epithelial type 2 cells can alter actin filaments associated with increased expression of chemokines and adhesion molecules (45) (46) (47) . High tidal volume ventilation in in vivo rat models leads to increased mRNA expression of various extracellular matrix components (48 -50) . Increased gene expression of procollagen III and fibronectin, fibroblast growth factor, and TGF-␤ has been observed in lungs ventilated with high airway pressures and high positive end-expiratory pressure in vivo and in rat lung parenchymal strips (49, (51) (52) (53) (54) (55) . Mechanical forces can also result in modification of proteoglycans in healthy rats ventilated with low tidal volume, which is magnified with higher tidal volume (48, 56, 57) . MV of healthy mice causes lung injury associated with higher levels of proinflammatory cytokines and fibrin deposition (58) . Therefore, a deficiency of lung repair is characterized by persistent and exaggerated inflammation, changes in extracellular matrix architecture, and alveolar epithelial damage after MV. Our results extend previous findings by demonstrating that mechanical stress induces decreased expression of lung epithelial markers and increased levels of hydroxyproline content in lung tissue, resulting in potentiation of lung fibrosis.
In a previous study, Willis et al (36) reported that rat alveolar epithelial type 2 cells exposed to TGF-␤1 for 6 days demonstrated increased expression of mesenchymal cell markers and a fibroblast-like morphology. Studies of in vitro alveolar epithelial cell cultures using cyclic stretch suggest that a 25% elongation corresponds to an 8% to 12% linear distension of the alveolar epithelium, whereas cyclic stretch at 37% to 50% elongation corresponds to approximately 17% to 22% linear distension, which is relevant to pathophysiological conditions produced by mechanical ventilation (59, 60) . We used a 30% elongation for 48 hrs as a stimulus in BEAS-2B cells. This magnitude of stimulation and timing likely reflects pathologic conditions and may explain the rapid increase in mesenchymal markers. We used the BEAS-2B cell line derived from human bronchial epithelium; ideally our findings should be confirmed in primary alveolar epithelial type 2 cells at multiple magnitudes of mechanical stretch.
Our study focuses on the potential mechanisms of fibrosis in the context of ventilator-induced lung injury. The direct contribution of each fibrotic marker (TGF-␤1 and ␤-catenin) and possible downstream signaling pathways are yet to be elucidated. Protective MV is the only treatment that has been shown to decrease mortality in patients with ARDS. To date, this has been ascribed to the acute effects of lung protective strategies on inflammation and lung injury. If our hypothesis that MV is a key contributor to the acute lung injury/ARDS-associated pulmonary fibrosis is correct, this hypothesis would need to be refined. This finding could potentially explain the observation that the separation of the Kaplan-Meier mortality curves observed in studies using lung protective ventilation often do not begin to separate for at least 2 wks (61) (62) (63) . For example, in the study examining the use of neuromuscular blockade in patients with ARDS, the mortality curves did not begin to separate until approximately 18 days, although the intervention was limited to the first 48 hrs (61, 62) .
In many patients, it will not be possible to provide a ventilatory strategy that is protective for all lung units because of the severity of the underlying disease. In these patients, a therapy that could modulate the fibrotic response could be beneficial. Future mechanistic studies will suggest novel pharmacologic approaches to specifically minimize the pulmonary fibrosis associated with mechanical ventilation and hopefully lead to improved outcomes in patients who have ARDS.
